ABSTRACT: Temperatures are rising in most temperate and polar environments, and a welldocumented effect of this change is a poleward range shift by a wide variety of terrestrial and aquatic species. In the northern Gulf of Mexico (GOM), an increasing number of tropical species have recently become established among the extant warm-temperate fauna. These include a diversity of tropical fishes, manatees, green turtles, warm-water corals, and black mangroves. The impact of these species may be profound, primarily because temperate species are restricted from shifting northward by the North American land mass. Thus, as tropical species expand northward in the GOM, they must interact with the extant species and potentially compete for essential resources or become prey for each other. Here we focus on tropical immigrants capable of transforming the vast and highly productive seagrass systems of the northern GOM, emphasizing herbivorous parrotfishes and comparing their impact with endemic seagrass-resident fishes. Increased numbers of these herbivores (plus green turtles and manatees) would likely shift detritus-based food webs in seagrass meadows to webs dominated by direct consumption of seagrasses. We provide estimates of some expected consumption rates and effects of these tropically associated seagrass herbivores and predict that the consequences of the increased tropicalization of northern GOM seagrass meadows will be: substantially reduced standing crops and structural complexity of seagrass meadows; increased energy flux through grazing food webs; and a greatly reduced nursery role that will result in much smaller adult populations of those finfish and shellfish species that rely on seagrasses as nurseries.
INTRODUCTION
Temperatures are rising in most of the world's temperate and polar environments, both on land and in the sea (Pachauri & Reisinger 2007) , and one welldocumented effect of these temperature increases are poleward range shifts by a wide variety of terrestrial and aquatic species. Range shifts result in the mixing of formerly isolated higher-and lower-latitude biotas. In the marine environment, historical data on fishery species in the North Sea have allowed reconstructions of range shifts and the faunal mixing that has occurred over the last half century (Perry et al. 2005) . Similarly, tropical species from the Atlantic Ocean are moving into the western Mediterranean through the straits of Gibraltar while even greater numbers of species are moving northward from the Red Sea into the eastern Mediterranean via the Suez Canal (Ben Rais Lasram & Mouillot 2009 ). The Gulf of Mexico (GOM) is no exception to this pattern, and the northern GOM has seen an increasing number of tropical species become established among its native warm-temperate fauna. For example, manatees Triche chus manatorum and green turtles Chelonia mydas are now much more frequently observed along the northern GOM coast than in the past (Fertl et al. 2005 , Pabody et al. 2009 , Avens et al. 2012 , warm-water coral species not seen previously in the northern GOM, such as Acropora palmata, have established themselves (Precht & Aronson 2006) , formerly rare black mangroves Avicennia germinans have become established in several different locations (Comeaux et al. 2012) , and a variety of tropical fishes have become common in the northern GOM at all stages of their life cycles (Fodrie et al. 2010 , Fodrie & Heck 2011 . The impact of these tropical species on northern GOM ecosystems is mostly uninvestigated (but see Gericke et al. 2014) , although it could be profound, primarily because temperate species are restricted from expanding their ranges northward by the adjacent North American land mass. Thus, as tropical species expand northward in the GOM, the extant species and the tropical immigrants are forced to interact, where they could compete for essential resources such as food and shelter, or become prey for one another.
In addition, recent reports have shown that large changes can take place in food-web structure or habitat availability when tropical species increase in abundance. For example, a large increase in the abundance of herbivorous green turtles in a marine reserve in the Indian Ocean resulted in a decline in seagrass biomass and a shift from large to small growth-form species, changes driven by the intense feeding activities of the turtles on the previously most abundant species of seagrass (Lal et al. 2010) . This shift in the structure of seagrass meadows led to a loss of fishery production because the reduced stature of the seagrass remaining after turtle gazing did not afford juvenile fishes effective shelter from predators. Thus, the adult populations and harvests of valuable fishery species ultimately declined (Lal et al. 2010) . In another study in the Lakshadweep Islands in the Indian Ocean, Kelkar et al. (2013) investigated the effects of increased green turtle densities in several marine protected areas. They measured localized herbivory rates that varied from near 0 to >100% of the total primary production of seagrasses. Large losses of seagrass biomass would ultimately translate to loss in fisheries production as the nursery function provided by the above-ground biomass to young of the year and juvenile fishes would be lost, as seen by Lal et al. (2010) .
Similarly, a study by Fourqurean et al. (2010) on green turtle impacts in Bermudean seagrass meadows concluded that recent increases in green turtle populations also likely led to dramatic reductions in turtlegrass. The use of exclusion cages allowed Fourqurean et al. (2010) to show that green turtle grazing reduced shoot density by about 20%, and that aboveground biomass was nearly 3 times greater in caged than uncaged areas. In the northern GOM, poleward-shifting tropical species capable of producing similar top-down effects on the extensive and highly productive seagrass systems (Zieman & Zieman 1989 , Green & Short 2003 include the same green turtle species studied by Lal et al. (2010) , Fourqurean et al. (2010) , and Kelkar et al. (2013) , manatees, and several species of herbivorous parrotfish. At present, however, herbivory of seagrasses by turtles, manatees, and parrotfish in most of the northern GOM is presumed to be less important than that of native sea urchins (primarily the purple urchin Lyte chinus variegatus; Heck & Valentine 1995 , whose grazing can locally denude seagrass meadows during population outbreaks (Rose et al. 1999 ; see review by Valentine & Duffy 2006) .
The recent influx of emerald parrotfish Nicholsina usta and several other tropical parrotfish species recorded by Fodrie et al. (2010) could produce large impacts on the structure and function of northern GOM seagrass meadows if their local densities ap proached levels of Caribbean seagrassresident herbi vores like the bucktooth parrotfish Sparisoma radians (Lobel & Ogden 1981) . Here we provide experimental estimates of the consumption rates of the increasingly abundant emerald parrotfish, and compare them with those of 2 common indigenous seagrass consumers (pinfish Lagodon rhomboides and planehead filefish Stephanolepis hispidus) of the northern GOM. We also provide information on the stomach contents of these 3 species, as well as species-specific gut passage rates. We use these data to estimate how parrotfish densities approaching those seen in tropical locations could, in combination with native seagrass consumers, produce shifts in energy flux, habitat structure, and the secondary production of finfish and shellfish in northern GOM seagrass meadows. We conclude with a brief consideration of the large effects that grazers likely had on paleo-seagrass meadows, and a prediction that we may see a return to similar conditions if warming in the northern GOM continues.
MATERIALS AND METHODS

Herbivore species
Of the 2 common native seagrass consumers, pinfish are by far the most abundant. For example, pinfish comprised about 60% of the total demersal fish collected during a 5 yr study of northern GOM seagrass meadows (Fodrie & Heck 2011) . Pinfish experience ontogenetic changes in gut morphology and dentition (Stoner & Livingston 1984 ) that reflects their shift from mostly carnivory to herbivory at sizes greater than 100 mm standard length (SL). At these larger sizes, pinfish consume mostly algae and seagrasses (Stoner 1980) .
Planehead filefish comprise only about 2% of the demersal fishes collected by trawl in northern GOM seagrass meadows (Fodrie & Heck 2011) , where they feed mostly on seagrass-associated animals, and to a lesser extent, on seagrasses themselves (Clements & Livingston 1983) . Much like pinfish, larger filefish feed more heavily on seagrass than smaller individuals, and turtlegrass comprised nearly 40% of the stomach contents of filefish in the 71−89 mm SL size class (Clements & Livingston 1983) .
Less is known about the biology of the emerald parrotfish in the GOM. Abundances of this species have increased nearly 25-fold in trawl catches since the 1970s, and currently this species ranks among the top 20 most abundant fishes in trawl surveys (cf. Livingston 1985 vs. Fodrie et al. 2010 . Emerald parrotfish are known to inhabit turtlegrass-dominated meadows throughout their life (Peña et al. 2004) , and stomach-content data from the northern GOM show them to be entirely herbivorous, with seagrass comprising 80 to 100% of the material in their guts (Prado & Heck 2011) .
Collection and maintenance of herbivores
Fishes used for gut-content analysis were collected from bays in northwest Florida, USA, including Big Lagoon (Perdido Bay system), Pensacola Bay, Chocta what chee Bay, St. Andrew's Bay, and St. Joseph Bay, in the summer and fall of 2010 and 2011 ( Fig. 1) . Fish used in gut-clearance experiments were collected from St. Andrew's Bay and St. Joseph Bay in summer and fall of 2011. All fish were collected using a 5 m otter trawl (2 cm body mesh; 0.6 cm bag mesh; 0.3 m × 0.7 m doors), and fish used in gutcontent analysis were stored in plastic bags and kept in coolers until they were frozen for later processing.
Fish used in gut-clearance experiments were held in flow-through aquaria at the Dauphin Island Sea Lab, Alabama, and fed a combination of Ocean Nutrition Formula Two pellets, turtlegrass Thalassia testu dinum (parrotfish and filefish), and shoalgrass Halodule wrightii (pinfish) prior to use in experiments.
Gut-content analyses
We examined the gut contents of 152 pinfish, 142 planehead filefish, and 48 emerald parrotfish. Individuals of each species were weighed (g) and measured (mm) before gut contents were removed. The digestive tract was dissected by making cuts at the base of the esophagus and the intestines and the contents were removed from the stomach and intestines. Once the contents were separated to the lowest identifiable level, wet weights were determined and recorded. Seagrass wet weight was converted to dry weight (DW) using a 10% conversion factor (Short & Coles 2001) . Weights of gut contents were compared among species using a Kruskal-Wallis test, and pairwise comparisons were completed using Dunn's method (p < 0.05).
Gut-clearance experiments
Fish were starved at least 24 h prior to each experiment to ensure that alimentary tracts were cleared. Prior to each trial, individual fish were placed into aerated 10 gallon (~37.9 l) aquaria and allowed to acclimate for 1 h. Each trial included a single fish in an aquarium that was offered 3 shoots of seagrass with 3 leaves each and allowed to feed for 4 h. The mean ± SD total length (TL) of individuals used in the gut clearance experiments was 139.9 ± 26.2 mm for emerald parrotfish, 76.6 ± 19.1 mm for planehead filefish, and 163.1 ± 12.0 mm for pinfish. We used 25 individuals of each fish species in these experiments. Both emerald parrotfish and planehead filefish were offered T. testudinum, the most common species of seagrass in the Florida bays where they were collected, while pinfish were offered H. wrightii (based on our prior experience that pinfish do not readily consume T. testudinum in containment, and experimental evidence that pinfish prefer H. wrightii over T. testudi num; Prado & Heck 2011 ). All T. testudinum leaves were scraped free of epiphytes before being used in feeding trials, while the narrow, lightly epiphytized leaves of H. wrightii were left unscraped.
Before and after feeding, seagrass shoots were disassembled and each leaf was photographed. Total seagrass leaf areas in the images were determined using SigmaScan Pro 5 software, and the changes in area after feeding were used to estimate consumption rates. The areas derived from SigmaScan calculations were later converted into DWs using a predetermined weight/area regression of: Weight = [0.0381 + (0.00604 × √Area)]
2
. Seagrass consumption data were log 10 transformed to correct for nonnormality, while variances were homogeneous. Results were compared using a 1-way analysis of variance and Tukey's pairwise multiple comparisons test (p < 0.05).
Evacuation rate estimates
At the end of 4 h feeding trials, all remaining seagrass was removed and fecal material siphoned out. Each hour for 6 h after feeding ceased and once at 20 h after feeding ceased, fecal material was collected and siphoned feces were dried at 60°C. Total amounts of dried fecal material recovered after the 4 h feeding period were also weighed and summed. Weights were then converted into percentages of food remaining in the alimentary tract of each individual. Alimentary tract evacuation rates were calculated for each fish following the regression equation developed by Targett & Targett (1990) :
where W t is the percentage of food left in each individual's gut at time t after feeding ceased, plus 1 to account for values of 0; W 0 is the y-intercept, t is time after feeding ceased, and the slope b is the instantaneous gut evacuation rate. This exponential model assumes that the time necessary for full gut evacuation does not depend on the amount of food each fish was offered (but see Jobling 1981) . Instantaneous gut evacuation rates were calculated for each individual and compared among species using a Kruskal-Wallis test and Tukey's pairwise multiple comparisons test.
Daily consumption rate estimates
To further describe the impact that herbivorous fishes could have on northern GOM seagrasses, we calculated estimates of the daily per capita consumption rates of parrotfish, pinfish, and filefish. This was done using 2 complementary yet independent approaches to constrain potential study biases, with both approaches based on an assumed 12 h feeding day for these highly visual species. First, we used the 4 h feeding trials to estimate daily per capita consumption by multiplying the upper and lower confidence intervals of our consumption rates by 3 (i.e. 3 × 4 h trials = a 12 h feeding day). Second, we used the gut clearance rate data from mesocosm trials to scale gut content data of fishes relative to seagrass biomass consumed per 12 h day (i.e. if gut clearance rates were estimated at 6 h for complete evacuation, we doubled the seagrass biomass found in fish stomachs to estimate daily consumption). We did not conduct any further statistical analyses on these derived estimates given that gut contents, as well as feeding trial consumption and evacuation rates, had already been analyzed separately for statistical significance.
RESULTS
Gut content analysis
We found a significant difference among fish species in the amount of seagrass biomass in their digestive tracts ( Fig. 2 ; F = 178.16, p < 0.001). Parrotfish and pinfish guts contained nearly 10 times the average weight of seagrass that occurred in filefish stomachs, and this difference was highly significant. Although parrotfish and pinfish did not differ significantly (Fig. 2) , parrotfish often contained more seagrass biomass per unit length than pinfish or filefish (Fig. 3) . Parrotfish stomachs contained only Thalassia while pinfish contained a Halodule and Thalassia mixture. However, the advanced state of digestion prevented us from determining the exact amount of each seagrass species in pinfish stomachs.
Consumption rates and gut-clearance experiments
Results from the feeding and gut-clearance experiments revealed that non-native parrotfish consumed significantly more seagrass than native pinfish and filefish (F 2,12 = 62.97, p < 0.001; Fig. 4 ). Parrotfish consumed an average of about 0.095 g DW, or 38% of the total grass offered, while pinfish consumed an average of approximately 0.015 g DW or 16%, and the average filefish consumption was only about 0.024 g DW or nearly 5%. There was also a significant effect of species on the instantaneous gut evacuation rates (Kruskal-Wallis H 2 = 23.667, p < 0.001; Fig. 5) , with non-native parrotfish clearing their alimentary tracts significantly faster than both native pinfish and filefish (Fig. 5) . Parrotfish mean instantaneous evacuation rate was 20 to 80% faster than that of pinfish and approximately 100 to 600% faster than filefish evacuation rates (Table 1) . 
Daily consumption rate estimates
DISCUSSION
The effect of per capita herbivory on seagrass by native planehead filefish and pinfish was much less than that of the emerald parrotfish. For example, the consumption and gut-passage times of the filefish clearly showed that their role as consumers of seagrass biomass is limited. Even though pinfish stomachs contained biomasses of seagrass that were not significantly different than those of emerald parrotfish (Fig. 2) , their lower consumption rates (Fig. 4) and longer evacuation times (Table 1) indicated a comparatively lower impact on a per fish basis.
The turtlegrass consumption rates and gut-evacuation times of the bucktooth parrotfish previously studied by Randall (1968) , Weinstein & Heck (1979) , and Lobel & Ogden (1981) , and those of the emerald parrotfish measured here, are substantially different. For comparison, Targett & Targett (1990) calculated the average feeding rate of starved Sparisoma radians to be 0.383 g DW over 4 h, while we estimated average turtlegrass consumption rate of starved Nicholsina usta to be approximately 0.095 g DW over 4 h (Fig. 4) , a rate less than 25% that of the bucktooth parrotfish. However, the reduced time for complete gut clearance by the emerald parrotfish, compared to that of the bucktooth reported by Targett & Targett (1990) , 9.35 h vs. 22.4 h, suggests that the total impact of the 2 species is more similar than the difference in consumption rates suggests. For example, since both species are likely visual, diurnal feeders, as are all the better known species of Caribbean parrotfish (Wilson et al. 2003) , we can assume for comparison purposes that both species feed an average of 12 h d −1
. Given that the gut evacuation time of the bucktooth is around 2.4 times that of the emerald parrotfish, this means that the daily consumption of emerald parrotfish will actually be around 50% that of bucktooths, instead of less than 25% of bucktooth consumption as calculated from consumption rates without taking into account the different rates of gut passage.
We can project the changes in northern GOM seagrass ecosystems that might take place if emerald parrotfish continue to increase in abundance. While there are no published estimates of emerald parrotfish densities known to us, if we assume for discussion purposes that emerald parrotfish abundances were to increase to 1.0 ind. m −2 , a density similar to our estimate for the larger (>100 mm TL) herbivorous pinfish in our study area (see below) and on par with what we have estimated for seagrass-resident parrotfish densities in tropical latitudes, they could consume approximately 0.22 to 0.35 g DW fish
(determined from our estimates of daily consumption described above using either feeding trials or via the product of gut contents and evacuation times). The Table 1 . Mean instantaneous gut evacuation rates for 3 fish species (±1 SE, n = 25 for each). Different superscripts denote significant differences (p < 0.05) between species
Time after feeding ceased (h) (Mateo et al. 2006) . Thus, at a density of 1 ind. m −2 , the projected parrotfish consumption would equal around 16 to 25% of the daily aboveground production. In contrast, the consumption by pinfish is much smaller, since we estimate that densities in the size range that is mostly herbivorous (>100 mm SL) are no more than perhaps 1 m −2 . With consumption rates around 20% of parrotfish based on feeding trials, and gut evacuation times longer by 2 to 8 h (Table 1) , this results in an estimated turtlegrass consumption rate by pinfish that is only ~17% (feeding trials) to 55% (gut contents and evacuation rates) of that recorded for parrotfish (0.04−0.24 g DW d
, or a range of from about 2 to 9% of daily aboveground seagrass production). As pinfish preferentially graze on Halodule wrightii, their consumption of Thalassia testudinum is likely closer to the lower end of our estimates (i.e. < 0.1 g DW fish
). Pinfish densities of all sizes have been estimated to be approximately 5 m 2 in October in our study area (Harter & Heck 2006) . We assume that around 20% of these fish would likely be of the size that consumes seagrass (>100 mm TL), which then gives an estimated density of herbivorous pinfish of 1 m −2 . For filefish, consumption rates are even lower, since we estimate a high filefish density to be less than 0.1 ind. m −2 (based on filefish densities relative to pinfish densities; Fodrie et al. 2010) . This means that filefish consumption would be < 0.009 g DW m −2 , or < 0.006% of the total daily aboveground production. Summarized, these calculations suggest that emerald parrotfish would consume around 16 to 25%, while pinfish and filefish combined would consume around 5 to 10% of daily production.
Historical comparisons and the future of GOM seagrass meadows
In the past, seagrass consumption by the formerly abundant manatees and green turtles must have been enormous (cf. Jackson 1997 , Jackson et al. 2001 . For example, adult manatees are estimated to consume 35 to 50 kg wet wt plant material ind.
−1 d −1 (Etheridge et al. 1985) . Domning (2001) and VelezJuarbe et al. (2012) speculated about the impact that the formerly diverse and very large (but now mostly extinct) herbivorous sea cows (manatees, dugongs, and related taxa) might have had on their seagrass forage. Some of these extinct species possessed substantial tusks that would have been effective in digging up entire seagrass shoots, including roots and rhizomes. As Velez-Juarbe et al. (2012) noted, it seems likely that a great deal of seagrass production formerly went into grazing and not into detritusbased food webs as presently occurs (Zieman & Zieman 1989) . Intense grazing by tusked dugongids is also thought to have prevented monocultures of large seagrass species from forming and to have maintained diverse meadows that also contained smaller seagrass species (Velez-Juarbe et al. 2012) . Also relevant is the experimental study of green turtle impacts on Bermudean seagrass meadows (Four qurean et al. 2010) , in which increases in green turtle populations likely led to dramatic reductions in turtlegrass, and the similar studies in the Indian Ocean by Lal et al. (2010) and Kelkar et al. (2013) , who found that increased turtle abundances de creased total seagrass biomass and shifted species dominance from larger to smaller, more rapidly growing species. As Lal et al. (2010) noted, fishermen reported reduced catches of targeted species after turtle abundances increased, and this was ascribed to the reduction in seagrass biomass that decreased shelter and survival rates for young-of-the-year fishes and ultimately led to decreased numbers of adult fishes.
A reduction in seagrass biomass and shelter for juvenile fishes thus seems possible in the northern GOM as herbivores increase in number and diversity. Reduced seagrass biomass would be expected to decrease the nursery function of seagrass meadows and ultimately produce many fewer finfish and shellfish juveniles that survive to adult sizes. This follows directly from the well-known positive relationships between seagrass biomass and the diversity and abundance of associated fishes (cf. Wyda et al. 2002, and references in Mattila et al. 2008 ). Overall, it seems likely that if the abundance and size of seagrass herbivores such as parrotfishes, green turtles, and manatees increases, seagrass meadows that already can experience overgrazing by sea urchins (Camp et al. 1973 , Valentine & Heck 1991 will become much smaller in average canopy height and structural complexity and support fewer juvenile finfish and shellfish than at present. This 'mowed lawn' appearance is likely the way seagrass meadows looked during much of their history, and as recently as several hundred years ago when megaherbivores were still abundant in the GOM (Jackson et al. 2001 ).
An additional reason to anticipate that the impact of increasing numbers of seagrass herbivores would be especially large in the northern GOM is because of the relatively low local productivity of turtlegrass and manatee grass Syringodium filiforme, species that are near the northern extent of their ranges. At northern GOM latitudes of around 30° N, these species receive less solar insolation than they do near their centers of distribution in the tropics (which will not increase as global climate warms). A similar situation exists in Bermuda, a high latitude (32° N) outpost for turtlegrass and manatee grass that is warmed by the Gulf Stream. Experimental evidence from mesocosms suggests that globally increasing temperatures should strengthen herbivore−plant interactions and ultimately result in greater consumer control of primary production (O'Connor 2009). Consequently, despite anticipated increases in plant production with regional warming, total seagrass biomass along with the structural and nursery functions of seagrass meadows could be reduced, owing to even greater changes in consumer metabolism and grazing rates that outpace and offset altered primary production ).
In conclusion, our results lead us to hypothesize that the ultimate consequences of the increased tropicalization of northern GOM seagrass meadows will include a substantially reduced standing crop of seagrass, increased energy flux through the grazing food web, a greatly reduced nursery role of seagrasses for finfish and shellfish, and substantially reduced adult populations of those species that rely on seagrasses as juvenile nursery habitats. 
